The steady flow and the dynamic viscoelastic properties of cellulose fiber suspensions were investigated as functions of the suspension concentration and the fiber shape using a parallel-plate type rheometer. Various concentrations of the suspensions were made from various types of cellulose fibers, i.e., microcrystalline cellulose, bacterial cellulose, and fibrillated cellulose fibers. All the suspensions showed non-Newtonian flow even at very low concentrations. The flow property of each suspension showed a plateau of the shear stress, i.e., the yield stress, over a critical concentration. The critical concentration obtained from the experiment agreed well with the value theoretically calculated from the axial ratio of the fibers. The dynamic moduli of the suspensions were almost independent of the angular frequency, and they increased with the fiber concentration. The dynamic storage moduli increased in proportion to the 9/4th power of the fiber concentration. This power of 9/4 is coincident with that theoretically required for polymer gels. This fact suggests that the rigidity of the suspensions has appeared by the same mechanism from the order of cellulose fibers to microcrystalline cellulose fibers, and even to polymer molecules.
INTRODUCTION
Fiber suspensions generally have remarkably higher viscosity and elasticity than spherical particle suspensions of equal volume concentration. It makes them hard to deal with in various industrial fields. For example, in the paper industry, the viscosity of the pulp fiber suspension is controlled by maintaining very low fiber concentration around 1% in order to make the suspension flow uniformly. However, such a low concentration is disadvantageous for energy and water consumption. Therefore, further efficiency improvement has been required to control such characteristics of the fiber suspensions.
Many resea rc hers have made efforts to c larify the characteristics of the fiber suspensions. where V a is the actual volume of a fiber, V e is the effective volume swept out by a rotating fiber and is equal to that of a sphere whose diameter equals the fiber length, and p is the axial ratio (le ngth/diameter) of the fiber. When the concentration of a suspension is over c 0 , the effect of the fiber network structure due to the fiber-fiber interaction becomes important. Some researchers have measured the fiber network strength using simple tensile tests for solidified cellulose suspensions. 2, 3) Kerekes et al. 4) summarized these experimental results in a simple power equation:
where σ y is the yield stress of the suspension, c m is the mass concentration of the suspension, and k and α are constants.
They have reported that the constants are unique for every suspension and the values are in the intervals of 1.18 < k < 24.5 and 1.26 < α < 3.02, respectively. Bennington et al.
5) have extended the equation theoretically:
where c v is the volumetric concentration of the suspension and E is Young's modulus of the fiber. However, they found that this equation does not agree with their experimental results as to the powers of E and p.
Recently, many researchers have measured the fiber network strength using disruptive shear tests. [6] [7] [8] However,
there have been few investigations that deal with a rotational rheometer systematically. In a previous study, 9 ) we investigated the effect of the fiber concentrations on the rheological properties of the cellulose fiber suspensions. In the present study, we investigated the effect of not only the fiber concentrations but also the axial ratio of the fiber on the rheological properties of the suspensions. We also examined what the constants k and α depend on. The relationships between the moduli of the suspension and the fiber concentration were observed and discussed.
EXPERIMENTAL

Materials
One of the cellulose fibers used in this study was made in our laboratory by hydrolysis of the cotton cellulose Whatman Table I with the calculated axial ratios p. The diameter of BC was not changed by the hydrolysis. 
Measurements
The rheological properties were measured with a parallelplates type rheometer (Rhosol-G2000, UBM Co., Ltd., Japan)
devised to prevent vaporization of water. The diameters of the plates were 50 mm. All the measurements were performed at 30ºC with varying fiber concentrations of the suspensions. The data were collected from low to high shear condition to avoid disrupting the suspension structure. The dynamic strain amplitude was 0.05, at which all the samples showed linear viscoelasticity. The fibers tend to aggregate gradually during the measurement, so that the measurements were carried out soon after the sample preparations.
RESULTS
Flow properties
The flow properties of the cellulose suspensions were examined by steady flow measurements. The gap between the plates of the rheometer should be sufficiently larger than the fiber length. 11) We first examined the gap dependence of the measurements. 
Dynamic viscoelasticity
The dynamic storage moduli, G', and the loss moduli, G", plotted against the angular frequency, ω, for the CF11H suspensions are shown in Fig.7 . The moduli were almost independent of ω at any fiber concentration. The G' values were about ten times that of G" at the same concentration. 
DISCUSSION
The concentration at which the flow behavior of a suspension shifts to a non-Newtonian from a Newtonian flow is considered as the critical concentration. The concentration of 0.3 wt% for the CF11H suspension was compared with c 0 calculated from Eq.(1). Using the axial ratio of the fiber listed in Table I, we Fibers have a larger excluded volume than spherical particles. Therefore, the interaction between fibers is strong even at the low fiber suspension concentration. This is more remarkable as the fiber axial ratio becomes larger. In this case, the fibers tend to form flocs rather than remaining individual fibers because the former is more stable thermodynamically.
The stress drops of the BC suspension in A power law relation was fitted to the data of σ y versus c in Fig.6 . The results almost agree with the earlier study. 4) This indicates that Eq. (2) can be applied over a wide range of fiber length and diameter. The power of 2 indicates that the origin of the yield stress is a two-body collision.
The other power law was also fitted to the dynamic data in Table I . The moduli increased with p, so that the moduli are considered to be a function of p.
Because the yield stress is related to G', σ y is also a function of p. Thus, the factor, k, in Eq.(2) is expressed by p, i.e., k = k(p).
Comparing Eq. (2) with Eq.(3), k is assumed to be in proportion to p 2 . By using the power relations between G' and c in Fig.8 , the k values can be estimated, considering that G' is expressed as G' = kc α . The values for the BC, the BCH, the CF11H, the Celish, and the Ceolus suspensions are 1080, 120, 6.7, 4.6, and 2.6 Pa, respectively, when c is expressed by wt%.
The obtained k values were logarithmically plotted against the axial ratio, p, as shown in Fig.9 . The result indicates that the k values are almost proportional to the square of the axial ratio of each fiber as we expected above. This fact suggests that k reflects individual fiber characteristics such as the axial ratio and Young's modulus of a fiber. On the contrary, the exponent value, α, did not change in spite of the variation in the fiber types as shown in Fig.8 . This fact suggests that α does not reflect the individual characteristics of the fibers but the structural property of the whole suspension. The power agrees well with previous studies for that of pulp fiber suspensions. 11, 12) In addition, the power of 9/4 is consistent with that for polymer gels in a good solvent according to the scaling theory. 13) This fact indicates that the rigidity of the fiber suspensions has appeared by the same mechanism from the order of cellulose fibers to microcrystalline cellulose fibers, even to polymer molecules.
CONCLUSIONS
The cellulose fiber suspensions show the yield stress, σ y , and the psuedo-equilibrium modulus even at very low concentrations. A power law correlation was found between the moduli, G', and the concentrations, c, of the suspensions, i.e., G' = kc α . The factor, k, changed with the types of the fibers, so that the k value reflects the individual fiber characteristics. On the other hand, the power, α, was constant around 9/4 over a wide range of fiber length and diameter, regardless of the types of fibers. This indicates that α reflects the structural property of the whole suspension.
